were analysed by digital computer in order to select criteria for optimal separation of normal subjects and patients with coronary artery disease. The results of a training group of 86 ostensibly healthy men and 52 patients were verified in a test series of 43 patients and 43 controls.
INTRODUCTION
A horizontal depression of the ST segment in an electrocardiogram recorded during exercise (XECG) in male patients with chest pain is a specific predictor of obstructive lesions in the coronary arteries, provided that no signs of other cardiac abnormalities are present (I-5). However, these studies also indicate that in onethird of the patients with abnormal coronary arteries the XECG remains within normal limits when the tracings are read by human observers. Part of this discrepancy between the XECG and selective coronary arteriography is due to problems in interpretation of the ECG from muscle noise, drift, and motion artifacts during exercise. Computer processing may enhance the signal quality by selective averaging. In addition, more accurate measurements can be taken and more sophisticated statistical methods may be used to separate normal and abnormal ECG responses during exercise with the aid of a computer system. Therefore several authors have attempted to improve the diagnostic value of the XECG by means of computer processing.
Horsten and Bruce (6) developed a system for analysis of a single bipolar lead which is currently in on-line operation. Measurements are taken of the ST amplitude at fixed intervals after the nadir of the S wave. No methods have been built in this system to prevent incorporation of premature beats and normal beats into a single averaged complex. Also, no data have been presented thus far on the sensitivity and specificity of the criteria employed. Thus the clinical reliability of this system is not established. McHenry ef al. (7) combined the amplitude and slope of the ST segment in lead V, at a fixed interval after the end of the QRS complex. They reported, on a series of 166 patients, a sensitivity of 82% and a specificity of 95%. Unfortunately the clinical usefulness of this method remains in doubt because no data were presented on the results of visual interpretation of the XECGs in these patients. The area of the ST segment below the baseline was proposed by Sheffield et al. (8) as a measure for ischemia during exercise. A satisfactory separation was obtained in a first series of 41 normal subjects and 38 patients with typical angina pectoris. Blomqvist (9). in 1965, employed time-normalized ST amplitudes from the Frank leads and linear discriminant function analysis to separate XECGs from small series of normal subjects and patients with CAD. No further data on this system have been reported since. An analogue computer was introduced by Dower et al. (10) to derive the polar coordinates of the heart vector after exercise. These authors proposed a combination of the spatial magnitude and orientation of ST vectors for interpretation of XECGs. This criterion has not yet been tested clinically. Normal values for Chebyshev waveform vectors which describe the ST segment at rest and during exercise were computed by Rautaharju ef a/. (II). This method has also not yet been tested in patients with CAD. Part of the criteria described above (7,8) were utilized by Ascoop et al. (22, 23 ) in a series of 87 patients who underwent selective tine-coronary arteriography and 15 asymptomatic normal subjects. These authors also derived some new criteria for classification of orthogonal and bipolar XECGs. Best separation of subjects with and without significant coronary artery obstructions was obtained with a combination of the ST amplitude and the slope in bipolar lead CM,. These results have recently been confirmed in an independent test series (14) .
On the basis of these encouraging results a systematic analysis of the XECG in a series of ostensibly healthy subjects and patients with independently proven CAD and a normal ECG at rest was undertaken. Each of the measurements described by these authors (6-13) was tested. Since in a previous study (15) in normal subjects gradual ECG changes were observed during exercise. an attempt was made to improve the diagnostic classification of the XECG by correction of the S7 measurements for instantaneous heart rate. As will be shown, this method indeed enhanced the sensitivity of the interpretation of the records. Finally. linear disciminant function analysis was employed to select combinations of measurements which optimally separated the XECGs of normals and patients. The results of this multivariate analysis were compared with other criteria in an independent test series of normal subjects and patients with coronary artery disease.
PATIENTS, CONTROLS, AND METHODS
Exercise electrocardiograms were analysed from 95 male patients with documented coronary artery disease. One hundred and twenty-nine ostensibly healthy men were used as a normal reference group. Forty-one patients had 10% or greater narrowings in the coronary arteries demonstrated by selective tine-coronary arteriography. Forty-one other patients were selected because they developed typical angina pectoris during the exercise test which disappeared within 5 min in the recovery period. The remaining 30 patients were tested in the first year after a myocardial infarction. All patients had a normal QRS complex and ST segment at rest according to the Minnesota code. The normal subjects were selected from a population survey in Rotterdam because they had a low risk for development of coronary artery disease (15). All subjects underwent a graded exercise test on a bicycle ergometer with stepwise workload increments of 10 W/min until near exhaustion, unless other symptoms appeared which required termination of the test at an earlier stage (15). The Frank lead ECG was recorded on magnetic tape and analysed by digital computer with the method described in detail elsewhere (26). ECG measurements were taken every second or third minute during exercise and in the first 4 min of the recovery period. These included the P, Q, R, and S amplitudes in all three leads, ST amplitudes and slopes at lO:msec intervals from 10 to 90 msec after the end of QRS (7, 12, I3), l/8 time-normalized ST amplitudes and slopes (9), the negative ST area (81, and the first six coefficients of Chebyshev polynomials fitted to the ST interval (II). Details of these measurements have been presented in Figs. 1 to 4. In addition, the polar coordinates of the measurements were analysed.
The goal of the present study was to develop and to test algorithms for classification of XECGs into two groups: "normal" or "exercise-induced ischemia." Following the arguments of Cornfield (17) linear discriminant functions can be derived to separate these two categories provided that they are mutually exclusive and exhaustive, which means that no other categories exist. It should also be known, without error, to which category each individual truly belongs. The selection criteria outlined above provided indeed a reference population and a group of patients with coronary artery disease which has been documented without prior knowledge of the XECG. These two groups may be considered mutually exclusive and exhaustive. Thus linear discriminant functions could be derived for classification of subjects with a normal resting ECG into "normal" and "exercise-induced ischemia" on the basis of the XECG alone. Furthermore, computation of linear discriminant functions assumes a multivariate normal distribution of independent data and equal covariance matrices in the two groups (I 7). This is not entirely true for some of the parameters proposed above. However, Cornfield (17) has shown that the results can still be useful, even when multivariate normality is not present. In that case, it is necessary to validate the results of the analysis in an independent test series. Accordingly, the data were divided in a training set which consisted of 86 normal subjects and 52 patients, and an independent test set of 43 normals and 43 patients.
The linear discriminant function analysis was performed with a standard program at the University Computer Center in Utrecht utilizing a CDC 7600 system. This program generated discriminant functions with all possible combinations of at most three parameters. This limitation was chosen because the series were relatively small. The results of different algorithms for separation of normals and patients with coronary artery disease were expressed in terms of the sensitivity (fraction of abnormal findings in the patients) and the specificity (fraction of normal findings in the control group). These two were then combined in a single Index of Merit, which is the sum of sensitivity and specificity minus one (12) .
RESULTS
In Fig. 5 the distribution of the highest heart rate during exercise in the four groups is presented. The peak heart rates in the patients were lower than in the Note that the highest heart rates in the patients were considerably lower than in the normal subjects. The heart rates in the training group and test group were similar. normal subjects, but the heart rates in the training and test group were similar. In most normal subjects the peak heart rates were close to the age-predicted maximum; in some however, the test was terminated at an earlier stage.
ECG at Rest
The P waves, QRS complexes, and ST segments in the patients at rest were similar to those in the normal subjects. Multivariate analysis was applied to the ECG measurements at rest. The best results are summarized in Table I . Single measurements from the PQ, QRS, or ST segments in the patients and controls overlapped almost completely. Even combination of three measurements in a linear discriminant function yielded a poor separation of the two gtoups. The Index of Merit was 0.35, sensitivity was 67%, and specificity was 6790. This indicates that the resting ECGs in the patients were indeed almost identical to those in the controls.
ECG during Exercise
The results of the discriminant function analysis of measurements at maximum heart rate have been summarized in Table II the same range. It should be noted that not only amplitudes from the midportion of the ST segment were found to be of discriminative value, but also amplitudes near the maximum magnitude of the T wave (SZT?J and amplitudes close to the ST junction (STl.,STl,).
The best single measurement for separation of patients and normals was ST80,, Index of Merit 0.68. Combination of two ST amplitudes at a fixed interval after the end of QRS yielded an Index of Merit of 0.70. Also little further improvement was obtained by combination of three ST amplitudes. Combination of ST amplitudes and ST slopes did not give better results than the ST amplitudes alone. In addition, the separation of normal subjects and patients could not be enhanced by combination of ST areas, ST amplitudes, and ST slopes in one discriminant function.
Dower et al. (10) proposed the use of polar coordinates instead of Cartesian coordinates for classification of XECGs. In order to test the value of this approach, the ST vectors were expressed as the spatial magnitude (M), the frontal plane angle (F), and the angle in the transverse, horizontal, plane (T). Both angles were measured relative to the X axis. Since angular measurements are not normally distributed. these were transformed prior to multivariate analysis, as described by Cornfield et al. (18) . Representative results in Table III show that the directions of the ST vectors were more discriminative than the vector magnitudes. The ST vectors at a fixed interval after QRS again yielded better separation of patients and controls than the time-normalized ST vectors and the Chebyshev waveform vectors. The best single parameter was the direction in the frontal plane of ST80, with an Index of Merit 0.66. The highest index which could be obtained with three parameters was 0.71. These results are almost identical to those obtained with Cartesian coordinates in Table II . This indicates that analysis of the polarcardiogram during exercise in patients with a normal ECG at rest does not improve the diagnostic value of the XECG. In a given patient, the changes of the ECG during exercise can be described as the difference between the measurements at rest and those at the highest work load. This approach reflects the influence of exercise on the ECG independent of the variation in the ECG measurements at rest.
It was attempted to improve the diagnostic classification of the XECG by analysis of these changes instead of the measurements at the highest workload. In Table IV the results of discriminant function analysis of the ECG changes are summarized. The Indices of Merit were close to those at maximum heart rate ( Table II) . Combination of ST slopes and ST amplitudes and transformation to polar coordinates did not improve the separation of patients and normal subjects. In the upper panel of Fig. 6 the area of the ST segment below the baseline (STA) in lead X has been plotted against heart rate. In the reference population, these points fill a triangular field with the larger, more negative STA, occurring at higher heart rates. Two straight lines could be computed which formed the boundaries of this field. For this purpose the upper and lower fifth percentiles were computed for all measurements at heart rates within the range 60-69, 70-79 beats per min, etc. Linear regression lines were computed through the upper and lower fifth percentiles. These lines have been drawn in the plot (I and II). Many measurements in the patients were found below line II, while most measurements from the controls fell above this line. When the measurements below line II in Fig. 6 were labeled abnormal, the sensitivity of STA, for prediction of coronary artery disease was 73%. This was considerably better than the sensitivity obtained with the same absolute threshold value for all heart rates as shown in Table V . ST amplitudes in lead X yielded even higher sensitivities when heart rate dependent normal ranges were used: for ST4, and ST60, the sensitivities were 83 and 81% when the specificities were kept at 93%.
Linear discriminant function analysis hardly improved the separation of patients and normals by this type of measurements as demonstrated in Table VI. Tables I and II Trend Analysis In normal subjects the variance of some ST amplitudes was significantly reduced by prediction from instantaneous heart rate with linear regression equations (15). Also linear regression lines can be computed to express the relation between ST measurements and heart rate in one individual. For example ST70, can be expressed as ST70, = A + B x HR. The slope B of this equation is the rate of change of ST70, during the stages of the exercise test. This measurement, together with the intercept A which is the hypothetical value of ST70, at zero heart rate and with the standard error of the estimate, was chosen as a representative of the trend of ST70,. It could be expected that these figures would improve the classification of the XECG when compared with measurements at the highest work load only. Therefore the intercepts, slopes, and standard errors of the estimate of these regression lines were computed for all individuals and entered in the discriminant analysis. Results are presented in Table VII . The analysis of the trend of the negative ST areas resulted in a lower sensitivity than analysis of the values at maximum heart rate. A marked improvement was obtained with trend analysis of time-normalized ST amplitudes, while the Indices of Merit of the amplitudes at fixed intervals after QRS were similar Table II . However, the separation of patients and normals obtained in this manner was not better than the separation obtained with amplitudes adjusted for instantaneous heart rate ( Table V) .
Comparison between Different Criteria for Two-Group ClassiJication of XECGs in the Training Set and in the Independent Test Series A number of selected criteria for interpretation of XECGs were compared in the training group of 86 normal subjects and 52 patients and in an independent test group of 43 normal men and 43 patients (Table VIII) .
A horizontal ST depression of 0.1 mV or more was observed in 50% of the patients in the training group and in 5 1% of those in the test group. The specificity of visual XECG interpretation by an experienced electrocardiographer was 94 and 95% in the two groups. In spite of the excellent agreement between the results of visual XECG interpretation, the sensitivity of most computer measurements in the test group was lower than in the training group. In particular a poor reproducibility was observed in the discriminant functions which combined two or more measurements. There were two exceptions to this finding: the combination of the heart rate adjusted ST20 and ST80 amplitudes in lead X and the trend of ST4 in the same lead. The former yielded a sensitivity of 84% and specificity of 88% in the test group, which is a considerably better separation of patients and normals than the one obtained by visual ECG reading.
ST Measurements DISCUSSION
A whole range of measurements have been proposed previously (6-23) for interpretation of electrocardiograms recorded during exercise. In the present study, a systematic comparison of these measurements was made with the aid of multivariate statistical methods in order to evaluate their usefulness for detection of coronary artery disease.
ST amplitudes at a fixed interval after the end of QRS (6, 7) can easily be obtained both by computer and by hand. However, a theoretical disadvantage of these measurements is that the shortening of the QT interval at higher heart rates is not taken into account. Therefore, time-normalized ST amplitudes have been proposed (9. 18). Computation of these measurements requires localization of a reference point in the T wave during exercise. The end of the T wave cannot be used for this purpose since it is usually buried under the next P wave at heart rates higher than 120 beats per min. In the present study the maximum spatial magnitude of the T wave was chosen as a reference point. In a few cases this point could also not be defined, especially in those records where the ST loop was deformed into a "horseshoe" shape during myocardial ischemia (19) .
An accurate mathematical description of the ST segment is provided by the Chebyshev waveform vectors proposed by Rautaharju et al. (II) . Only four to six Fig. 4 . Systematic analysis of these measurements in a training group of 86 normal subjects and 52 patients with CAD led to the conclusion that the level of the STsegment below the baseline is the best discriminating factor. ST amplitudes at a fixed interval after the end of QRS yielded better results than time-normalized ST amplitudes, the ST areas, or the Chebyshev waveform vectors (Table II ). The addition of the ST slopes did not improve the diagnostic classification nor did transformation to polar coordinates (Table III) or measurement of the changes during exercise (Table IV) .
Correctiorl for Instantaneous Heart Rates
In a previous study (15). we observed that many ECG measurements gradually change during exercise in normal subjects. Therefore it was expected that adjustment of ECG measurements for instantaneous heart rate would improve the separation of XECGs from normal subjects and patients with coronary artery disease. This was confirmed both in the training group (Table V) and in the test group (Table VIII) .
This indicates that a certain amount of ST depression in lead X may be found in normal subjects at high heart rates, while the same depression is a sign of myocardial ischemia. when it occurs at a low heart rate. Therefore, it is concluded that the adjustment of ST measurements for heart rate as described in this study considerably improves the diagnostic value of exercise electrocardiography.
Multiaariate Analysis
Introduction of multivariate statistical methods has improved the diagnostic classification of the majority of resting ECGs (18) . It has also been applied to obtain a clinical index for symptomatic coronary artery disease (20) . This method was used in the present study in order to predict the presence or absence of CAD by linear combination of various ST measurements. The discriminant functions developed in the training group of patients and controls were applied to an independent test group in order to detect too optimistic results which may be found in a relatively small data base.
The results presented in Tables II to IV demonstrate indeed some improvement of the separation of patients and normals when multiple measurements were combined.
For instance, the highest Index of Merit for single ST measurements in Table II was 0.68 while an Index of 0.72 was obtained when three amplitudes from all three leads were taken into account. However, the improvement of the diagnostic classification by linear discriminant function analysis in the training group was less than expected. It appeared that the measurements which discriminated patients from normals were predominantly those from lead X. The addition of measurements from the other two orthogonal leads was usually of minor importance. This is in agreement with the data published by Ascoop (13) .
The separation of normal subjects and patients was not as good in the test group as it was in the training group (Table VIII) . This may be due in part to deviations from the underlying assumptions of the multivariate statistical theory. Furthermore, the lower Indices of Merit in the test group may be related to the small sample size and to the differences in patient selection. The majority of the patients in the training group, 32 out of 52, were selected on basis of abnormal findings in the coronary arteriogram, while the test group consisted mainly of patients with angina pectoris during the exercise test, 30 out of 43. This indicates the need for further study on larger populations. Nevertheless, an excellent reproducibility in the test group was found for the linear combination of two heart rate corrected ST amplitudes from lead X at the highest work load (Table VIII) .
Comparison with Other Studies
The sensitivity of visual interpretation of the XECG in this study was 50%. This is lower than in most studies reported by other authors (I, 2, 4, 5). Differences in patient selection are the most likely explanation for this finding. In the present study all patients with an abnormal QRS complex or abnormal ST-T segment at rest were excluded, because an abnormal ECG at rest is already strong evidence for myocardial disease. Slight repolarization disturbances or intraventricular conduction abnormalities were not excluded in two studies in which a higher sensitivity of the XECG was reported (1, 5) . Two other investigations even included patients with abnormal QRS complexes and ST-T segments at rest (2,4). In one other report the patient selection was limited to those without repolarization disturbances at rest (3). The results of visual interpretation in this series were very similar to ours: sensitivity 52%. specificity 94%, and Index of Merit 0.46. Application of criteria for computerassisted interpretation of the XECG proposed by Ascoop (1.3) to the present material resulted in lower specificities and higher sensitivities than those reported by this author. For example, a critical value of 5 mV x msec for the negative ST area in lead X resulted in a sensitivity of 44% and a specificity of 90% in the original report (13) , while in the present study the sensitivity was 82% but the specificity only 76%. This discrepancy can be explained with the aid of Fig. 6 . The horizontal line A represents a negative ST area of 5 mV x msec. Ascoop et al. (13) frequently terminated the test at 90% of the age-predicted maximum heart rate, or even.earlier. Thus these subjects did not reach the heart rates at which the larger, more negative, ST areas were found. In the present study, however, most subjects were encouraged to exercise until exhaustion and in 21 out of 86 normal men from the training group (24%), the ST area exceeded 5 mV x msec. This observation again stresses the need for heart rate dependent criteria for interpretation of XECGs. The higher sensitivity in the present series is caused in part by the same difference in exercise protocol. Furthermore, it may depend on the patient selection, because in Ascoop's series most patients had a normal ST response in a previous exercise test. Finally, part of the differences between these two investigations may be explained by the different methods for waveform analysis, since the negative ST area is much influenced by the definition of both baseline and QRS offset.
Two investigators (7, 13) observed an improvement of the classification of XECGs when the ST amplitude was combined with the slope of the ST segment.
The criteria employed by these authors however, differ considerably (IS). In the present study the ST slopes were not superior to ST amplitudes and a combination of both did not enhance the Index of Merit obtained by a combination of amplitudes alone (Table II) . This is not as conflicting as it may seem. since a combination of the ST amplitude and slope as computed by McHenry et al. (7) and Ascoop (13) is mathematically the same as a linear discriminant function with two ST amplitudes.
CONCLUSIONS
Computer analysis of the XECG in the present study yielded higher sensitivity than visual ECG reading, both in the training group and in the independent test series. Optimal separation between patients with coronary artery disease and a normal ECG at rest and normal subjects was obtained when the ST amplitudes were adjusted for the ECG changes during exercise in normal individuals. This adjustment was based solely on the relation between the ECG measurements and heart rate in the normal reference population. The criteria are therefore largely independent from the manner in which the patients with coronary artery disease were selected in the present study. A good reproducibility in the test group was obtained with the heart rate adjusted ST20 and ST80 amplitudes in lead X. These observations strongly favor the introduction of this type of measurement for routine interpretation of XECGs in subjects with a normal ECG rest. Some improvement of the diagnostic classification was obtained with multivariate analysis of the data at maximum heart rate in the training group. The results of this procedure in the test series were less satisfactory with two exceptions. Therefore further evaluation in a larger population is necessary before discriminant functions can be applied clinically. These studies are currently underway at our laboratory.
The best separation of patients and normal subjects was obtained with measurements from lead X only. This suggests that a single, bipolar lead like CB, or CM, may be used instead of the more complex Frank system in those patients who have a normal ECG at rest. This is in accordance with other studies (6. 12, 13) which compared the Frank leads with bipolar leads during exercise.
Heart rate dependent normal limits for the ST amplitudes in bipolar leads can be established experimentally, or they can be computed by linear transformation of the data from the present series (21) . In theory the heart rate adjusted ST60 amplitude in lead X or a bipolar lead can be used for visual interpretation of XECGs, provided that the quality of the tracings is good and the measurements are taken from a series of consecutive beats, which should be recorded with large amplification and on an expanded time scale. However, experience from our extensive studies indicates that the improved signal quality, the objective quality control, and the enhanced measurement accuracy strongly favor the addition of a small computer to the equipment in the exercise laboratory.
